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Abstract 


This study investigates the relative electrochemical activity of ordered and disordered Pt-Co alloy phases coexisting in multi-phase catalyst 
materials. Of particular interest is the effect of the relative distribution between ordered and disordered Pt-Co alloy phases on the observed 
electrocatalytic activity for the oxygen reduction reaction (ORR). Three Pt-Co catalysts with identical overall composition, PtsoCoso, but with 
distinct distributions between two disordered face centered cubic (fcc) Pt-Co alloy phases and one ordered face centered tetragonal (fct) alloy 
phase are considered. Comparing the structure of the catalysts with their electrocatalytic activity for ORR suggests that the Co-rich (60-80 at% 
Co) disordered phase is linked to the observed 3x activity enhancement compared to a pure Pt catalyst. If the ordered fct phase outweighs the 
Co-rich disordered phase the activity drops drastically. It is concluded that Co-rich disordered phases are the preferred Pt-Co alloy phases with 


respect to catalyst activity. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Hydrogen/oxygen polymer-electrolyte-membrane fuel cells 
(PEMFCs) suffer from severe cell potential losses at the Pt 
cathode electrocatalysts where molecular oxygen and protons 
are electroreduced to water in a complex multi-step reaction 
sequence. At moderate current densities, the overpotentials are 
mainly caused by kinetic barriers associated with surface adsorp- 
tion and reductive charge transfer processes on the catalyst 
surface. Despite a large body of literature over the past decades 
on improved ORR electrocatalysts, the search of more active 
electrocatalysts with less Pt content continues to be a scientific 
priority in fuel cell catalysis research. Pt alloy electrocata- 
lysts have been receiving much attention over the years [1]. 
Recently, Co containing Pt alloys [2-5] have become a focus 
in PEMFC cathode electrocatalysis [6-13]. There is consensus 
that Pt-Co alloys offer a favorable intrinsic enhancement. For 
well-defined smooth PtsọCoso alloy surfaces at 900 mV/RHE 
and 60C under rotating disk electrode conditions, an improve- 
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ment factor in Pt surface area based ORR activity (specific 
electrocatalytic activity) of about 3-4 was reported [11,14,15]. 
For carbon-supported high surface area PtsyCos0 particle alloys, 
Pt mass based activity enhancements of 1.5-2x were reported 
at 900 mV/RHE [11,14], while specific activity enhancements 
ranged around 2—3x [11,16,17]. The absolute values of the 
specific activity enhancements vary by orders of magnitude 
[17,15], depending on the format of the electrocatalysts. This 
is thought to be associated with a so-called particle size effect 
[17]. For PtsoCoso alloy particles at 900 mV/RHE reported val- 
ues range at around 550 pA cm~? p; in Pt surface area based 
activity. 

Studies involving well-defined Pt-Co alloy surfaces have typ- 
ically addressed the relation between surface structure, surface 
composition and electrocatalytic activity [11,14—16]. A ‘Pt skin’ 
structure, obtained after high temperature annealing, was found 
to be more active than a ‘sputtered’ surface [15]. Studies on 
Pt-Co nanoparticle catalysts, in contrast, have mainly focused 
on the structure of the alloy bulk (lattice constants, unit cell 
symmetry, etc.) of the alloy phases [6,7,12,18—27]. 

Most previous structural studies on Pt-Co particle electrocat- 
alysts reported the presence of a single ordered or disordered 
alloy phase. Careful inspection of some of the reported X-ray 
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diffraction profiles, however, does indicate shoulders and there- 
fore the possibility of unaddressed coexisting multiple alloy 
phases [18,27,28]. In many of these studies, alloy particles were 
prepared stepwise using impregnation of liquid transition metal 
solutions on commercial Pt precursors consisting of carbon- 
supported Pt particles. Pt particle precursors with relatively large 
mean particle size (3—4 nm diameter) combined with anneal- 
ing temperatures up to 900°C [12,18] resulted in narrow and 
very intense reflections hampering the identification of shoul- 
ders and multiple coexisting phases. The use of Pt precursors 
of higher dispersion (1-2 nm Pt mean particle diameter) and 
moderate annealing temperatures ranging from 600 to 800°C 
[26,2931] rarely produced single phase alloy particles. In these 
materials, broad, often multiple peaks, indicate multiple ordered 
and/or disordered alloy phases [26]. Despite the occurrence of 
multiple alloy phases under such a wide range of synthesis con- 
ditions, structure—activity effects associated with multi-phase 
alloy catalysts have largely remained unaddressed. 

In this study, we investigate the effect of the relative dis- 
tribution of ordered and disordered Pt-Co alloy phases on the 
observed electrocatalytic activity for the ORR in order to assess 
their relative electrocatalytic activity. Three Pt-Co catalysts are 
considered with overall composition PtsoCoso but with dis- 
tinct distributions between two disordered face centered cubic 
(fcc) phases and one ordered face centered tetragonal (fct) 
phase. We show that the predominant presence of the Co-rich 
(Co > 60-80 at%) disordered fcc phases is associated with a large 
three-fold ORR activity enhancement of the catalyst. For larger 
relative weights of the ordered phase, the activity drops drasti- 
cally regardless of the relative weight of the Pt rich disordered fcc 
phase. Our results suggest that Co-rich disordered fcc phases are 
preferred over the ordered fct phase when it comes to optimizing 
the electrochemical ORR activity [25]. 


2. Experimental 
2.1. Catalyst synthesis 


Three Pt-Co alloy nanoparticle catalysts with an overall sto- 
ichiometry of Pts 9Coso, referred to as catalyst ‘1’, ‘2’, and ‘3’, 
were prepared via the following procedures. 


2.1.1. Pt-Co catalyst 1 

This catalyst was synthesized by adding appropriate amounts 
of solid Co precursor (Co(NO3)2:6H20, Sigma Aldrich 
#239267) to 0.2g of a powder electrocatalysts consisting of 
about 30 wt% platinum supported on a high surface area car- 
bon support. De-ionized water (>18.2 MQ, Millipore Gradient 
System) was added to the supported catalyst powder and the mix- 
ture was ultrasonicated for 1 min (Branson Sonifier 150) until 
a thick slurry formed. The catalyst synthesis mixture was sub- 
sequently frozen in liquid nitrogen, and then freeze—dried in 
vacuum (50 mTorr) overnight until the temperature of the sam- 
ple reached 25 °C. The resulting catalyst precursor powder was 
distributed evenly into two small quartz vials of lin. diame- 
ter and 1.2in. height. The quartz vials containing the powders 
were then placed in the center of a 3 feet long quartz tube (3 in. 


diameter) in the flow furnace (Lindberg Blue). The powders 
were then annealed to a maximum temperature of 600 °C for 7h 
(10K min“! heating rate) under a flowing 4% hydrogen atmo- 
sphere (Ar balance) and slowly cooled down without any forced 
convection. The final Pt weight loadings of the Pt-Co alloys were 
about 26 wt % Pt. 


2.1.2. Pt-Co catalyst 2 

Synthesis followed very closely that of catalyst 1, using sim- 
ilar amounts of the Co precursor, carbon-supported Pt precursor 
as well as amount of de-ionized water. Duration and conditions 
of the ultrasonication, freeze-drying and annealing processes 
were also kept very close to those of catalyst 1. 


2.1.3. Pt-Co catalyst 3 

This synthesis followed that of catalysts 1 and 2 with some 
modifications. A Co precursor solution was prepared first by 
adding appropriate amount of Co(NO3)2-6H20 to de-ionized 
water (grade see above); this solution was ultrasonicated for 
l min. Then, a weighed amount of powder electrocatalysts 
consisting of about 30 wt% platinum supported on a high sur- 
face area carbon was added to the Co precursor solution. This 
catalyst-Co precursor mixture was ultrasonciated for | min fol- 
lowed by 1 min cooling and again | min sonication to form thick 
slurry (Branson Sonifier 150). The catalyst synthesis mixture 
was subsequently frozen in liquid nitrogen (5 min), and then 
freeze—dried in vacuum (50 mTorr) until the temperature of the 
sample reaches 25°C. The resulting powder was loaded as a 
thin powder film on the bottom of a rectangular alumina boat 
(50 mL) with a partially covering lid. The sample was annealed 
to a maximum temperature of 600 °C for 7 h under 4% hydrogen 
atmosphere (Ar balance) at the same flow rate as catalysts 1 and 
2 and cooled down at about 3 K min7!. 


2.2. Electrode film preparation 


Rotating disk powder catalyst electrode preparation followed 
procedures published earlier [17,32]. Prior to electrode prepa- 
ration, a 5mm diameter glassy carbon rotating disk electrode 
(RDE) was polished to a mirror finish using 0.5 and 0.05 wm 
alumina suspension (Buehler Inc.). A catalyst ink was prepared 
by mixing the catalyst powder in 20mL of an aqueous solu- 
tion (>18.2 MQ, Millipore Gradient System) containing 5 wt% 
Nafion® solution (Sigma, #274704). A 10 uL aliquot was dis- 
pensed onto the rotating disk electrode resulting in a typically 
Pt loading of about 14 ug Ptcm~* geometric surface area. The 
ink was then dried for 10 min in air. 


2.3. Electrochemical measurement 


The electrochemical cell was a custom-made, three- 
compartment cell. The working electrode was a commercial 
glassy carbon rotating disk electrode of 5mm fixed diame- 
ter. The reference electrode was a mercury—mercury sulphate 
electrode. All electrode potentials were subsequently converted 
into and are reported with respect to the reversible hydrogen 
electrode (RHE) scale. The counter electrode was a piece of 
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platinum gauze to ensure large surface area. A commercial rota- 
tor from Pine Instrument was used to conduct the rotating disk 
experiment. The electrolyte used was 0.1 M HC103, prepared 
by diluting 70% redistilled HC10;4 (Sigma #311421) with de- 
ionized water (>18.2 MQ, Millipore Gradient System). The disk 
potential was controlled with a potentiostat, BiStat (Princeton 
Applied Research, Ametek). All measurements were conducted 
at room temperature. At the beginning of electrochemical mea- 
surements, electrocatalysts were immersed into the electrolyte 
under potential control and held at 0.06 V/RHE until the mea- 
surements commenced. 

Cyclic voltammetric (CV) measurements were conducted in 
de-aerated electrolyte, under Nz atmosphere. The electrocat- 
alyst were first pretreated using 200 CV scans between 0.06 
and 1.2 V at a scan rate of 500 mV s™!. Thereafter, the poten- 
tial was scanned at 100 mV s~! from 0.06 to 1.2 V and back to 
0.06 V. The electrochemical platinum surface area (Pt-ESA) of 
the catalyst was determined from the mean integral charge of 
the hydrogen adsorption and desorption areas after double-layer 
correction, using 210 uC/cm? (Pt) [33] as the conversion factor. 

Linear sweep voltammetry (LSV) measurements were con- 
ducted by sweeping the potential from 0.06 V anodically to the 
open circuit potential (around 1.0 V) at the scan rate of 5 mV s~!. 
Mass and specific activities were established at 900 mV/RHE, at 
room temperature. The electrochemical behavior (CV and LSV) 
of the Pt-Co catalysts was compared to a 30 wt% reference plat- 
inum electrocatalyst supported on a high surface area carbon 
support. 


2.4. X-ray diffraction (XRD) 


All XRDs of the Pt-Co catalysts were recorded under iden- 
tical conditions using identical specimen thicknesses. XRD 
was conducted using a Siemens D5000 (6/26) Diffractometer 
equipped with a Braun Position Sensitive Detector (PSD) with an 
angular range of 8°. The Cu Ka source was operating at a poten- 
tial of 35 kV and a current of 30 mA. 26 diffraction angles ranged 
from 21° to 70°, using step scans of 0.02° per step and a holding 
time of 10 s per step. Advanced X-ray Solution (X-ray comman- 
der, Bruker AXS) software was used to control the diffractometer 
from a desktop computer. Composition estimation of disordered 
Pt-Co alloy phases (substitutional solid solutions) was based on 
the linear relationship between molar Co content and size of 
resulting lattice parameters [34,35]. All X-ray diffraction pat- 
terns were analyzed using Jade 7.5 of Material Data, Inc. (MDI): 
peak profiles of individual reflections were obtained by a non- 
linear least-square fit of the Cu Ka corrected data. Instrumental 
broadening was determined by a standard powder sample under 
identical measurement conditions. 


3. Results and discussion 
3.1, Alloy phase formation during reductive annealing 
Given their commercial availability, highly dispersed carbon- 


supported Pt particle precursor catalysts have become a 
popular starting material for the preparation of carbon sup- 


ported high surface area alloy nanoparticles via impregnation— 
drying—annealing synthesis routes [6,7,23,12,36]. By eliminat- 
ing the Pt deposition step the synthesis process is simplified and 
takes advantage of the high initial dispersion of commercially 
prepared Pt/C catalysts. Compared to typical wet-chemical 
reduction/alloying methods [37—42], where the alloy con- 
stituents are atomically mixed prior to reduction, the kinetics 
of alloy formation during solid state reductive annealing is gov- 
erned by the mobility and diffusion coefficients of the metal 
particles and the individual Pt and Co atoms, respectively. We 
speculate that at the beginning of the reductive annealing pro- 
cess, the crystalline Pt phases of the precursor material typically 
coexist with relatively large amorphous Co salt phases. In the 
course of the annealing, the salt anion decomposes (most nitrates 
decompose at 250-350 °C), and Co-oxide phases are reduced 
to form relatively large metallic Co particles [43]. Co atoms 
randomly diffuse into the Pt particle lattices and most likely 
form a distribution of disordered (random) Pt-Co alloy phases 
of varying composition. Eventually, under extended annealing, 
the thermodynamically most stable alloy phase distribution at 
the chosen temperature will form. For the annealing tempera- 
ture of the Pt-Co alloys chosen here (600°C), the formation of 
an ordered PtspCoso phase is thermodynamically favored [12]. 
However, the nucleation and growth of the ordered phase is slow 
at 600 °C so that a distribution of ordered and disordered phases 
emerges [12,44,45]. The complexity of the solid state processes 
involved in the solid state alloy preparation explains why minute 
variations in annealing conditions may significantly affect the 
resulting compositional distribution of Pt-Co alloy phases. 


3.2. Pt-Co alloy phase distribution in nanoparticle 
catalysts with multiple phases 


Three carbon-supported high surface area Pt-Co 
nanoparticle electrocatalysts with the overall stoichiome- 
try PtsgCoso (catalysts ‘1’, ‘2’, and ‘3’) were prepared using a 
recently described impregnation—freeze—drying—reductive 
annealing method [25,26,43]. Fig. la-c shows the 
XRD profile of the catalysts ‘I’, ‘2’, and ‘3’, 
respectively. 

Peak profile analysis and crystallographic data of the individ- 
ual phases are summarized in Table 1. Each catalyst consists of 
a very similar set of three compositionally distinct Pt-Co alloy 
phases, namely a Pt rich disordered face centered cubic (fcc) 
phase “fcc1” (82-85 at% Pt), an ordered face centered tetragonal 
(fct) Pts9Cos59 phase “fct”, and a Co-rich disordered fcc phase 
“fec?” (57-77 at% Co). The composition of the phases was esti- 
mated using a linear relation between the lattice constants and 
composition of fcc disordered Pt-Co alloys [34,35,46,47]. Mean 
crystallite sizes of each phase were estimated to fall in the range 
of 3—5 nm. What sets the structure of the three catalysts apart is 
the relative distribution of the “‘fcc1”’, the “fec?” and the ordered 
“fct” phase: peak intensity ratios between the fcc(1 1 1) reflec- 
tion and the fct(1 0 1) reflection (Fig. la—c and last two columns 
in Table 1) were taken to qualitatively assess the abundance of 
each phase relative to the other two phases for between-catalysts 
comparisons. The data in Table 1 shows that for catalyst 1 each 
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Fig. 1. (a) XRD profile and peak profile analysis of PtsgCoso electrocatalyst ‘1’. Two face disordered fcc (fec1 and fec2) and one ordered fct phases are present. The 
fcc1 and fcc2 phases outweight the fct phase. (b) X-ray diffraction profile and peak profile analysis of PtsoCoso electrocatalyst ‘2’. Two face-disordered fcc (fcc1 
and fec2) and one ordered fct phases are present. The fct phase outweights fec2, but not fecl. (c) XRD profile and peak profile analysis of PtsgCoso electrocatalyst 
‘3’. Two face-disordered fcc (fec1 and fcc2) and one ordered fct phases are present. The fct phase outweights fecl, and is about equal to fcc2. 


of the two disordered phases clearly outweighs the ordered 
phase. Catalyst 2 exhibits the highest abundance in “fcc1l”, 
followed by “fct” and “fcc2”. For catalyst 3, both relative peak 
intensity ratios are close to one (0.86 and 1.02) indicating the 
largest relative abundance of the “fct” phase among the three 
catalysts. The alloy phase distribution of catalyst 3 suggests the 
highest degree of alloying and can be rationalized by the fact 
that the 200 mg catalyst was annealed as a thin powder layer 
at the bottom of a large alumina dish with good exposure to 


reducing hydrogen gas. Catalysts 1 and 2, which show less of 
the ordered phase, were both annealed in a small cylindrical 
quartz vial where the 200mg of powder formed a layer of 
about 0.3in. thickness. The distinct phase distributions of 
catalysts 1 and 2 despite almost identical preparation conditions 
demonstrate the sensitivity of the resulting alloy phase structure 
to the detailed preparation conditions. Considering the effect of 
slight variations in the annealing process on the observed alloy 
phase distribution for catalyst 3, we speculate that the alloy 


Table 1 
Overview of synthesis conditions, catalyst name, phase labels, crystallographic structural characteristics, and the relative peak intensities of the three Pt-Co 
electrocatalysts 
Catalyst Figure Label Alloy symmetry Phase composition Lattice parameters, Relative intensity of Relative intensity of 
Pt:Co (at%:at%) alc (A/A) fecl(111)/PtCo101) — fec2(1 1 1)/PtCo(1 0 1) 
peaks peaks 
1 Fig. la — fecl Disordered FCC Fm-3m 86:14 3.868/3.868 
fet Ordered FCT P4/mmm 50:50 2.682/3.675 1.67 2.00 
fec2 Disordered FCC Fm-3m 39:61 3.691/3.691 
2 Fig. lb fecl Disordered FCC Fm-3m 85:15 3.867/3.867 
fet Ordered FCT P4/mmm 50:50 2.682/3.675 1.95 0.63 
fec2 Disordered FCC Fm-3m 23:77 3.633/3.633 
3 Fig. lc fecl Disordered FCC Fm-3m 82:18 3.856/3.856 
fet Ordered FCT P4/mmm 50:50 2.682/3.675 0.86 1.02 
fec2 Disordered FCC Fm-3m 43:57 3.709/3.709 
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phase distribution is very sensitive to the detailed conditions 
of the annealing process. Minute variations in the solid state 
reduction and annealing process are therefore likely to account 
for the two distinct phase distributions in Fig. la and b. 

While single phase PtsọCosọ alloys were reported at tem- 
perature of about 900°C [12] and 1-2h, for the annealing 
temperatures (600°C) and annealing times (7h) reported here 
we mostly observe the formation of multiple Pt-Co alloy phases 
[25,26]. The opportunities of investigating multiple phase elec- 
trocatalysts have not been fully realized so far in the literature. 
Materials with multiple Pt-Co alloy phases offer the ability of a 
direct side-by-side comparison of the effect of ordering, lattice 
constant and composition of those alloy phases on electrochem- 
ical activity and alloy corrosion stability [25]. Also, multi-phase 
materials have proven more attractive over single phase materi- 
als in their electrochemical characteristics: comparative studies 
between Pt-Co alloy catalysts prepared at low and high anneal- 
ing temperature have repeatedly shown that low temperature 
multi-phase materials can exhibit higher electrocatalytic ORR 
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activities compared to the high temperature material [25,26]. 
The concern over stability of the catalysts had also prompted 
stability tests for these Pt-Co alloy catalysts. Results of these 
tests can be found in a previous publication [25]. It was found 
that there exist strong effects of ordering on the stabilities of 
the different phases present in a low temperature PtsyCoso cat- 
alyst. The Co-rich disordered fcc phase was observed to be the 
most vulnerable to corrosion both during the preparation of the 
conducting polymer electrode layers and electrochemical mea- 
surements. However, it was also the phase that contributed to the 
greatest enhancement in catalytic activities with respect to pure 
Pt catalysts, as compared to the Pt-rich disordered fcc phase and 
the ordered fct phase. 


3.3. Electrocatalytic activity and its relation to catalyst 
alloy structure 


Fig. 2a shows the CV profiles of the three Pt-Co catalysts in 
deaerated solution after pretreatment but before ORR activity 
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Fig. 2. (a) CV profiles (100 mV s7!) of the PtsoCoso alloy catalysts ‘1’, ‘2’, and ‘3’ after electrochemical preconditioning. For comparison the CV profile of the Pt 
reference catalyst is given. Inset shows a blow-up of the potential region where water activation and Pt-OH formation occur. (b) LSV (5 mV s7!) of the three catalysts 
‘T, ‘2’, and ‘3’ compared to a Pt reference catalyst. (c) Tafel plot of the Pt surface area normalized, mass transport corrected current density (specific activity) of the 


three Pts 9Cos9 alloy catalysts compared to the reference Pt. 
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measurement in comparison to a pure Pt catalyst profile. The 
capacitive currents in the double layer regions are very similar 
for all three catalysts. The hydrogen ad- and desorption charge 
(0.05—0.4 V/RHE) and the corresponding ESA of catalysts 1 and 
2 are very similar to that of the Pt reference catalyst. Catalyst 3, 
in contrast, exhibits a smaller hydrogen charge and consequently 
areduced ESA. The latter finding may be explained considering 
the relative abundance between the “fcc!” phase and the other 
two phases of catalyst 3. The Co-rich phases “fct” and “fec?” 
outweigh the “fcc1” phase, and the catalyst is therefore is likely 
to expose fewer Pt atoms at the surface. The ESA values are 
also directly in line with earlier observations that ordered Pt- 
Co phases showed significantly reduced hydrogen adsorption 
characteristics [25,26] due to Co enrichment near the surface of 
the alloy particles [11,15]. 

Peaks at potentials between 0.7 and 0.9 V/RHE on the anodic 
scan are associated with water activation on the surface of Pt and 
Pt alloys, followed by the formation of oxygenated (hydroxides, 
oxides) surface species [48,49]. Between 0.6 and 0.8 V/RHE on 
the cathodic scan, these surface (hydr)oxides are reduced and a 
metallic surface is recovered. Catalysts 1 and 2 show a more pro- 
nounced faradaic formation and reduction of oxygenated species 
compared to Pt and catalyst 3. Considering that the ESA of the 
Pt catalyst and catalysts 1 and 2 are similar, this observation sug- 
gests that the surface of catalysts 1 and 2 forms a larger amount 
of oxygenated species, perhaps surface Co oxides or subsurface 
species, compared to pure Pt. The insert of Fig. 2a reports the 
relative peak positions of the surface oxide formation. All Pt- 
Co catalysts exhibit a peak shift in the oxide formation to more 
anodic potentials suggesting that the surface oxide coverage is 
reduced compared to pure Pt. According to a previously sug- 
gested kinetic model for the ORR [11,48], a reduced coverage 
of surface oxide species offers activity advantages due to higher 
oxygen chemisorption rates. 

Fig. 2b reports the potential sweep voltammetry of all three 
catalysts in oxygen-saturated electrolyte. The geometric current 
density during 5mVs~! anodic sweeps is plotted against the 
applied potential. Catalysts 1 and 2 show significantly improved 
ORR reduction characteristics reaching the mass transport lim- 
iting current already at about 0.75 V/RHE. Catalyst 3 reaches 
the mass transport limited current at more cathodic potentials 
and the shape of its sweep resemble those observed for mainly 
ordered Pt-Co alloys [25,26], which is consistent with its alloy 
structure. 

Fig. 2c illustrates the Tafel plots of catalysts 1, 2, 3, and 
of the pure Pt catalyst. The applied potential is plotted against 
the mass transport corrected ESA normalized current density 
(specific activity) of each catalyst in the kinetically controlled 
regime. Catalyst 1 shows the highest activities over the entire 
Tafel potential range. Catalysts 2 and 3 exhibit similar activities 
until about 0.9 V where catalyst 3 starts to deviate from the linear 
Tafel slope (—60 to 70 mV dec~') at high potentials. Deviation 
from linearity have been associated [11] with a gradual transition 
of the oxygen chemisorption from Temkin to Langmuir condi- 
tions. While Temkin conditions refer to oxygen chemisorption 
in the presence of oxygenated surface species stemming from 
water activation (see insert of Fig. 2a), Langmuir chemisorption 
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Fig. 3. Specific activities of the Pts9Coso alloy catalysts. The reference Pt elec- 
trocatalysts showed an activity of about 200 pA cm~*p; at 900 mV/RHE. Error 
bars were determined from triplicate experiments. 


occurs on mainly adsorbate-free surface and is associated with 
the ideal —120 mV dec™! Tafel slope. 

Fig. 3 compares the activities of the three catalysts at 
900 mV/RHE side by side. While catalysts 2 and 3 show a two- 
fold activity increase compare to Pt, catalyst | is over three times 
as active as the Pt catalyst. 

Relating the structural and electrochemical characterization 
one can arrive at the following conclusions: prevalence of disor- 
dered Pt-Co alloy phases (catalyst 1), in particular the prevalence 
of a Co-rich “fcc2” phase, is associated with the largest activ- 
ity gain for ORR compared to pure Pt. Prevalence of a Pt rich 
alloy (“fcc1”) phase diminishes the observed activity gains. Sim- 
ilarly, ORR activity gains over Pt are less pronounced if the 
ordered “fct” phase outweighs the disordered phases. Our anal- 
ysis suggests that the Co-rich (60-80 at% Co) disordered alloy 
phase, “fcc2”, play a critical role in the observed ORR activity 
enhancements. 


4. Conclusions 


We have addressed structural and electrocatalytic character- 
istics of three carbon supported high surface area Pt-Co alloy 
nanoparticle electrocatalysts of overall stoichiometry Pts 9Co50 
for use as ORR electrocatalysts. A synthesis route was used 
that involved reductive thermal annealing and alloying in the 
solid state. Each catalyst consisted of a Pt rich (85—90 at%) dis- 
ordered fcc Pt-Co alloy phase (“fcc1”), a Co-rich (60-80 at%) 
disordered fcc Pt-Co alloy phase (“fcc2”), and an ordered fct 
PtsoCoso alloy phase (“fct”). However, the relative distribution 
and abundance of the three Pt-Co alloy phases was distinctly 
different in each catalyst. The multi-phase nature of the cata- 
lysts has enabled a side-by-side assessment of the effect of the 
relative distribution of the phases on the electrocatalytic activ- 
ity for ORR. The Co-rich disordered phase has been associated 
with the large activity gains of catalyst 1 compared to pure Pt. 
Prevalence of the ordered “fct” PtsoCoso phase over the Co- 
rich“fcc2” phase, independent of the relative abundance of the 
Pt rich phase, reduced the observed electrocatalytic activity for 
ORR. Based on a kinetic model for ORR, the activity enhance- 
ments are associated with the delayed formation of a complete 
layer of oxygenated surface species from water on the cata- 
lyst surface, resulting in a higher rate of oxygen adsorption and 
reaction. 
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Pt alloy electrocatalysts with multiple alloy phases, largely 
ignored in the literature to date, represent not only a very active 
class of catalytic materials but offer a unique opportunity to 
assess the relative stability and activity of individual alloy phases 
[25]. The presented results will be valuable in the design and 
search of more active Pt-Co ORR electrocatalysts. 
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